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Univers
osting by E
cense.Abstract Kinetic investigation in Ir(III)-catalyzed oxidation of fumaric acid (FA) and crotonic
acid (CA) in an acidiﬁed solution of quinolinium ﬂuorochromate (QFC) has been studied in the
temperature range of 30–45 C. First-order kinetics was observed in the case of catalyst Ir(III) as
well as oxidant QFC. The order of reaction with respect to substrate (unsaturated acids) was found
to be zero. Increase in [Cl] showed fractional negative order. The inﬂuence of [H+] and ionic
strength on the rate was found to be insigniﬁcant. The main product of oxidation of fumaric acid
(FA) and crotonic acid (CA) were identiﬁed as pyruvic acid and acetone, respectively. The reaction
has been studied in ten different solvents. The ﬁrst-order rate constant had no effect with decrease in
the dielectric constant of the medium. The values of rate constants observed at four different tem-
peratures (30, 35, 40 and 45 C) were utilized to calculate the activation parameters. A suitable
mechanism in conformity with the kinetic observations has been proposed and the rate law has been
derived on the basis of obtained data. A transient complex formed between IrIII and oxidant in a
slow and rate-determining step, further reacts with substrate to give the products in a series of fast
steps.
ª 2009 King Saud University. Open access under CC BY-NC-ND license.om (S. Srivastava), parul_
ity.
lsevier1. Introduction
Halochromates have been used as mild and selective oxidizing
reagent in synthetic organic chemistry (Corey and Suggs, 1975;
Guziec and Luzio, 1980; Battacharjee et al., 1982; Balasubra-
manian and Prathiba, 1986). Quinolinium ﬂuorochromate
(Murugesan and Pandurangan, 1992) (QFC) is also one such
compound. The kinetics of redox reactions involving homoge-
neous catalyst such as platinum group metals particularly
Osmium(VIII), Ruthenium(III) and Palladium(II) have been
extensively investigated from mechanistic point of view. The
use of Ir(III) chloride as a non-toxic and homogeneous
248 S. Srivastava, P. Srivastavacatalyst has been reported by several workers (Wen-yu et al.,
2005; Singh, 2004; Bai et al., 2008; Mohamed Farook, 2006).
The mechanism of reaction depends upon the nature of the
oxidant, nature of the substrate and the ways in which transi-
tion metal complex ions play their role in order to promote the
reactant molecules to the activated state before changing into
ﬁnal products under experimental conditions. The kinetic
and mechanistic aspects of the oxidation by halochromates,
a Chromium(VI) species like Quinolinium bromochromate
(QBC), Quinolinium chlorochromate (QCC) and few reports
on the mechanistic aspects of oxidation reactions of QFC are
available in literature (Kumbhat et al., 2004; Sekar and Ravi-
shankar, 2001; Dave et al., 2002). Nearly no explanation was
forthcoming in trying to rationalize the difference in kinetic
behaviour. It was thought worthwhile to study the kinetics
and mechanism of Ir(III)-catalyzed oxidation of unsaturated
acid by QFC in acetone as a solvent, with a view to examine
the kinetic features of the reaction and establish the mechanis-
tic pathways for the oxidation processes in the presence of dif-
ferent solvents with aims to (i) ascertain real reactive species of
catalyst and oxidant; (ii) identify the oxidation products; (iii)
elucidate a plausible reaction mechanism; and (iv) deduce rate
law consistent with kinetic results and calculated activation
parameters.Table 1 Effect of variation of reactants on the reaction rates for fu
[QFC]
(·103 M)
[Substrate]
(·102 M)
[KCl]
(·103 M)
[HClO
(·103
0.83 2.00 1.00 0.20
1.00 2.00 1.00 0.20
1.25 2.00 1.00 0.20
1.67 2.00 1.00 0.20
2.50 2.00 1.00 0.20
5.00 2.00 1.00 0.20
1.00 0.33 1.00 0.20
1.00 0.40 1.00 0.20
1.00 0.50 1.00 0.20
1.00 0.66 1.00 0.20
1.00 1.00 1.00 0.20
1.00 2.00 1.00 0.20
1.00 2.00 0.83 0.20
1.00 2.00 1.00 0.20
1.00 2.00 1.25 0.20
1.00 2.00 1.67 0.20
1.00 2.00 2.50 0.20
1.00 2.00 5.00 0.20
1.00 2.00 1.00 0.04
1.00 2.00 1.00 0.08
1.00 2.00 1.00 0.12
1.00 2.00 1.00 0.16
1.00 2.00 1.00 0.20
1.00 2.00 1.00 0.24
1.00 2.00 1.00 0.20
1.00 2.00 1.00 0.20
1.00 2.00 1.00 0.20
1.00 2.00 1.00 0.20
1.00 2.00 1.00 0.20
1.00 2.00 1.00 0.20
[Ir(III)] = 2.40 · 106 M.2. Experimental
2.1. Materials
The unsaturated acids were commercial products and were
used as obtained. QFC was prepared by the reported meth-
od (Murugesan and Pandurangan, 1992) and its purity was
ascertained by an iodometric method. Sodium perchlorate,
quinolinium ﬂuorochromate, perchloric acid, fumaric acid,
and crotonic acid (E.Merck) were used as supplied without
further puriﬁcation by their solutions in doubly distilled
water. A stock solution of Ir(III) chloride (Johnson Mat-
they) was prepared by dissolving the sample in hydrochloric
acid of known strength. Mercury was added to Ir(III) solu-
tion to reduce any Ir(IV) formed during the preparation of
stock solution of Ir(III) chloride. This solution was kept
for 24 h. An allowance for the amount of hydrochloric acid
present in the catalyst solution was made while preparing
the reaction mixtures for kinetic studies. Sodium perchlorate
was used to maintain the ionic strength of the medium.
Perchloric acid (60%, S.D. ﬁne) was used as a source of
H+ ion. Solvents were puriﬁed by the usual methods (Perrin
et al., 1966). All other reagents were of AR grade and
doubly distilled water was used throughout the work. Themaric acid (FA) and crotonic acid (CA) at 35 C.
4]
M)
[NaClO4]
(·103 M)
(dc/dt) (·107 ML1 s1)
FA A
– 2.06 2.10
– 2.52 2.46
– 3.16 3.04
– 4.20 4.12
– 6.35 6.18
– 12.45 12.40
– 2.45 2.50
– 2.20 2.46
– 2.78 2.28
– 2.15 2.40
– 2.30 2.52
– 2.52 2.46
– 2.96 3.14
– 2.52 2.46
– 2.00 1.84
– 1.74 1.50
– 1.32 1.16
– 0.84 0.62
– 2.75 2.50
– 3.20 2.65
– 2.18 2.75
– 2.62 2.24
– 2.52 2.45
– 2.56 2.30
0.83 2.35 2.40
1.00 2.52 2.46
1.25 2.60 2.38
1.67 2.49 2.75
2.50 2.70 2.60
5.00 2.60 2.56
Figure 1 Plot between (dc/dt) and [QFC] for the oxidation of
fumaric acid (FA) and crotonic acid (CA) at 35 C. [Ir(III)] = 2.40 ·
106 M, [QFC] = 1.00 · 103 M, [Substrate] = 2.00 · 102 M,
[KCl] = 1.00 · 103 M, [HClO4] = 1.00 · 103 M, [NaClO4] =
1.00 · 103 M.
Figure 2 Plot between log (dc/dt) and log [Ir(III)] for the
oxidation of fumaric acid (FA) and crotonic acid (CA) at 35 C.
[Ir(III)] = 2.40 · 106 M, [QFC] = 1.00 · 103 M, [Substrate] =
2.00 · 102 M, [KCl] = 1.00 · 103 M, [HClO4] = 1.00 · 103 M,
[NaClO4] = 1.00 · 103 M.
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photochemical decomposition, if any.
2.2. Kinetics
A thermostatic water bath was used to maintain the desired
temperature within ±0.1 C. The appropriate volume of sub-
strate, perchloric acid, sodium perchlorate, Ir(III) chloride
and water, except quinolinium ﬂuorochromate were taken in
a reaction vessel which was kept in a thermostatic water bath.
After allowing sufﬁcient time to attain the temperature of the
experiment, requisite volume of quinolinium ﬂuorochromate
solution, also thermostated at the same temperature 35 ±
0.1 C, was rapidly pipetted out and poured into the reaction
vessel. The total volume of reaction mixture was 50 ml in each
case. Five-milliliter aliquots of reaction mixture was pipetted
out at different intervals of time and quenched with 4% acid-
iﬁed potassium iodide solution. The progress of reaction was
monitored by iodometric estimation of unconsumed quinolin-
ium ﬂuorochromate using starch as an indicator after suitable
time intervals. Each kinetic run was studied for 75% reaction
including was taken in a reaction vessel and thermostated at
for thermal equilibrium. The rate of reaction (dc/dt) was
determined by the slope of the tangent drawn at a ﬁxed
[QFC] in each kinetic run. The order of reaction was calculated
with the help of log (dc/dt) versus log [reactants].
2.3. Stoichiometry and product analysis
The stoichiometry of the reaction was determined by equili-
brating varying ratios of [QFC] to unsaturated acids at 35 C
for 48 h under kinetic condition. Estimation of unconsumed
QFC revealed that, 1 mol of the substrate consumes one mole
of the oxidant. The oxidation of FA and CA leads to theformation of pyruvic acid and acetone, respectively. The stoi-
chiometric determination indicated the following overall
reaction:
R CH CH COOH + O2CrFO-QH+ R CH CH
O
COOH + OCrFO-QH+ (a)
Unsaturated acid QFC Epoxide
R CH CH
O
COOH R C
O
CH2 COOH R C CH3 + CO2 (b)
O
β-Ketoac ids
The ﬁnal product, in the oxidation of FA and CA must
have arisen from the corresponding epoxides by rearrangement
and decarboxylation as shown in Eq. (b) (R = –COOH and –
CH3 for FA and CA, respectively).
QFC undergoes a two-electron change. This is in accor-
dance with earlier observations with other halochromates
(Agarwal et al., 1991; Loonker et al., 1997; Chowdhary
et al., 1999; Bhandari et al., 2001).
Product analysis was carried out under kinetic conditions,
i.e. with an excess of the reductant over QFC. In this exper-
iment, the unsaturated acid (0.2 mol) and QFC (6.18 g,
0.02 mol) were dissolved in 100 ml of acetone and allowed
to stand for 24 h to ensure completion of the reaction. The
solution was then treated with an excess of a saturated
solution of 2,4-dinitrophenylhydrazine in 2 M HCl and kept
overnight in a refrigerator. The precipitated 2,4-dini-
trophenylhydrazone (DNP) was ﬁltered off, dried, weighed,
recrystallized from ethanol and weighed again. The yields
of DNP before and after recrystallization were 2.52 g (88%)
and 2.26 g (79%) respectively. The DNP was found identical
(m.p. and mixed m.p.) with the DNP of pyruvic acid and
acetone in the oxidation of fumaric and crotonic acids,
respectively.
Table 2 Rate constants for the decomposition of catalyst–
QFC complex in different solvents at 35 C.
Solvents (dc/dt)
(·107 ML1 s1)
k1 (·104 s1)
FA CA FA CA
Acetone 2.56 2.45 3.41 3.27
Butanone 2.55 2.47 3.45 3.01
Benzene 2.35 2.52 3.22 3.00
Ethyl acetate 2.46 2.60 3.07 3.29
Nitrobenzene 2.37 2.53 3.12 3.24
Acetic acid 2.75 2.46 3.62 3.04
t-Butyl alcohol 2.64 2.47 3.52 2.91
Acetophenone 2.40 2.54 3.08 3.22
Choloroform 2.50 2.48 3.21 3.31
Toluene 2.48 2.32 3.10 3.05
Figure 3 Plot between log k and 1/T for the oxidation of fumaric
acid (FA) and crotonic acid (CA) at 35 C. [Ir(III)] = 2.40 · 106 M,
[QFC] = 1.00 · 103 M, [Substrate] = 2.00 · 102 M, [KCl] =
1.00 · 103 M, [HClO4] = 1.00 · 103 M, [NaClO4] = 1.00 ·
103 M.
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The kinetic results were collected at several initial substrate
concentrations. It was observed that an insigniﬁcant effect of
an increase in substrate concentration on the reaction rate
indicated zero order with respect to both crotonic acid and fu-
maric acid (Table 1). It was observed that the values of k1 (i.e.
dc/dt/[QFC]) were constant at all initial concentrations of
oxidant, showing ﬁrst-order dependence on [QFC] (Fig. 1).Table 3 Rate constants and activation parameters of oxidation of
Acid 104 kr (s
1) at (C) DE* (kJ mol1) DG*
30 35 40 45
FA 1.76 2.52 3.56 5.05 56.99 74.3
CA 1.74 2.46 3.58 4.94 58.21 74.3First-order dependence on [Ir(III)] is evident from close resem-
blance between the slope values (1.05 · 101 s1 and
2.10 · 101 s1 (for crotonic acid) and 1.00 · 101 s1 and
2.16 · 101 s1 (for fumaric acid) at 35 and 45 C, respectively)
of (dc/dt) vs. [Ir(III)] plot (Fig. 2) and average k1 values
(1.01 · 101 s1 and 2.20 · 101 s1 (for crotonic acid) and
1.05 · 101 s1 and 2.26 · 101 s1 (for fumaric acid) at 35
and 45 C, respectively).
The oxidation of substrate was studied in 10 different sol-
vents. The choice of solvents was limited due to the solubility
of QFC and its reaction with primary and secondary alcohols.
There was no reaction between QFC and the solvents chosen.
The kinetics was similar in all the solvents. The values of (dc/
dt) and k1 for different solvents are recorded in Table 2. It was
observed that the rate of reaction decreases with increase in
[Cl] which showed fractional negative order with respect to
KCl. Negligible effect of variation of [H+] and ionic strength
of the medium on the reaction rate are clear from kinetic data
in Table 1. The rate measurements were taken at 30–45 C and
speciﬁc rate constant were used to draw a plot of log k vs I/T,
which was linear (Fig. 3). The values of energy of activation
(DE*), Arrhenius factor (A), entropy of activation (DS*) and
free energy of activation (DG*) were calculated and these val-
ues are recorded in Table 3.
The above statements lead us to suggest the following reac-
tion scheme which gives us the details of various steps in the
title reaction:
[IrCl5(H2O)]-2 + Cl- [IrCl6]-3 + H2O (i)
C1 C2
k1
k1
[IrCl6]-3 + CrO2FOQH+ [IrCl6 CrO2FOQH+]-3 (ii)
C2 QFC
k2
slow
Complex I
Complex I + R CH CH COOH fast R C C COOH + [IrCl6]-3 (iii)
HH
O
CrOFOQH+
δ+
Complex II
Complex II R CH CH
O
COOH + CrOFO- QH+ (iv)
Epoxide
fast
fastR CH CH
O
COOH R C
O
CH2 COOH R C CH3 + CO2 (v)
O
Epoxideunsaturated acids by QFC.
(kJ mol1) DH* (kJ mol1) DS* (J K1 mol1) Log A
4 42.04 13.41 10.06
8 39.21 12.49 10.26
Aquachloroiridium (III)-catalyzed oxidation of some unsaturated acids in acetone 251where R = –COOH and –CH3 for fumaric acid and crotonic
acid, respectively, whose oxidation products are pyruvic acid
and acetone, respectively.
On applying steady-state approximation to [Ir(III)]T and
considering steps (i) and (ii), the rate law may be derived as:
d½QFC
dt
¼ H2½C2½QFC ð1Þ
Total concentration of Ir(III), i.e. [Ir(III)]T may be written
as Eq. (2)
½IrðIIIÞT ¼ ½C1 þ ½C2 ð2Þ
Rate ¼ k2½RuðIIIÞT½QFC
1þ ½Cl
K1
  ð3Þ4. Conclusion
The experimental results reveal that the reaction rate doubles
when concentration of the catalyst Ir(III) is doubled. The rate
law equation is in conformity with all kinetic observations
and the proposed mechanistic steps are supported by the negli-
gible effect of ionic strength. The high positive values of change
in free energy of activation (DG*) indicates highly solvated tran-
sition state, while fairly high negative values of change in entro-
py of activation (DS*) suggest the formation of an activated
complex with reduction in the degree of freedom of molecules.
Negligible effect of change in ionic strength suggests involve-
ment of a dipole in the rate determining step. Under the present
experimental conditions, [IrCl5(H2O)]
2 can safely be assumed
as the real active species of iridium(III) chloride supported by
the negative effect of chloride ion. It was further supported by
the fact that under the experimental pH range 1.00–3.00,
[IrCl5(H2O)]
2 has been proposed and conﬁrmed as dominant
reactive species (Chang and Garner, 1965). From this investiga-
tion it is concluded that [IrCl5(H2O)]
2 and CrO2FO
QH+ are
the reactive species of Ir(III) chloride and quinolinium ﬂuoro-
chromate (Khurana et al., 2000) in acidic medium, respectively.Acknowledgment
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